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ABSTRACT A Ti(12 nm)/W(20 nm)/Au(50 nm) metallization
scheme has been investigated for obtaining thermally sta-
ble low-resistance ohmic contacts to n-type GaN (4.0 ×
1018 cm−3). It is shown that the current–voltage (I–V) char-
acteristics of the samples are abnormally dependent on the
annealing temperature. For example, the samples that were an-
nealed at temperatures below 750 ◦C for 1 min in a N2 ambient
show rectifying behavior. However, annealing the samples at
temperatures in excess of 850 ◦C results in linear I–V charac-
teristics. The contact produces a specific contact resistance as
low as 8.4×10−6 Ω cm2 when annealed at 900 ◦C. It is further
shown that the contacts are fairly thermally stable even after an-
nealing at 900 ◦C; annealing the samples at 900 ◦C for 30 min
causes insignificant degradation of the electrical and structural
properties. Based on glancing angle X-ray diffraction and Auger
electron microscopy results, the abnormal temperature depen-
dence of the ohmic behavior is described and discussed.
PACS 72.80.Ey; 73.40.Cg; 73.20.At; 79.60Bm; 73.40.Gk
1 Introduction
Gallium nitride (GaN) is one of the most promising
materials for the fabrication of efficient blue light sources [1,
2], high-power microwave devices [3] and high-temperature
electronic devices [4]. One of the key requirements for these
devices is the formation of low resistance and reliable ohmic
contacts, which are capable of withstanding elevated tem-
peratures. However, forming low resistance and thermally
stable ohmic contacts to GaN-related semiconductors is still
a challenge.
Over the past few years, attempts have been made to ob-
tain low-resistance ohmic contacts to n-GaN [5–7]. Foressi
and Moustakas [5] first used Al or Au schemes for the forma-
tion of ohmic contacts to n-GaN and showed that each scheme
was ohmic with a specific contact resistance of ∼ 10−3 Ω cm2,
when annealed at 575 ◦C. To improve the ohmic properties
of Au and Al contacts to n-GaN, bilayer schemes, such as
Ti/Al and Ti/Au, were employed. For example, Lin et al. [7]
reported that Ti/Al contacts produced a specific contact re-
sistance of ∼ 10−6 Ω cm2 upon annealing at 900 ◦C for 30 s
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in a N2 ambient. The formation of a TiN interfacial layer
was suggested to be important for the achievement of good
ohmic contacts [7]. Later on, Kwak et al. [8] showed that
the Ti/Al contacts to Ga-face n-GaN yielded a specific con-
tact resistance of 2 ×10−5 Ω cm2 after annealing at tempera-
tures higher than 600 ◦C for 30 s in a N2 ambient. Papanoco-
lau et al. [9], investigating Ti/Al and Cr/Al contacts to n-
GaN, reported that the contact schemes were ohmic with
contact resistivities of 1 ×10−5 and 3.8× 10−5 Ω cm2 after
vacuum-annealing at 1100 and 700 ◦C, respectively. Ti/Al-
based ohmic contacts have been widely used as an n-type
ohmic electrode for light emitting diodes [7–10]. However,
aluminum (Al) is vulnerable to oxidation at elevated tempera-
tures. Therefore, in this work we have investigated an Al-
free scheme of Ti/W/Au for the formation of low resistance
ohmic contacts to n-GaN (4.0× 1018 cm−3). Tungsten (W)
was selected as a middle layer because of its refractory nature
and reactivity with GaN, as demonstrated by Cole et al. [11]
and Zeitouny et al. [12]. It is shown that the Ti/W/Au contacts
yield a specific contact resistance as low as 8.4×10−6 Ω cm2
upon annealing at 900 ◦C for 1 min in a N2 ambient.
2 Experimental details
An undoped GaN layer with a thickness of 2 µm
was grown on a c-plane sapphire substrate by metalorganic
chemical vapor deposition. This was followed by the growth
of 2 µm n-type GaN doped with Si. The carrier concentra-
tion was determined to be 4.07 × 1018 cm−3 by means of
Hall effect measurements with the Van der Pauw geometry.
Before metallization, the n-GaN layer was ultrasonically de-
greased with warm trichloroethylene, acetone and methanol
for 5 min in each. It was then dipped into a buffered oxide
etch (BOE) solution for 10 min to remove surface oxide and
rinsed in DI water. CTLM patterns were then defined on
the surface treated n-GaN layer by a standard photolithog-
raphy technique. The outer dot radius was 75 µm and the
spacing between the inner and outer radii was varied from
4–24 µm. Prior to metal deposition, the patterned layer was
dipped in a BOE solution for 30 s, blown dry with N2 gas,
and immediately loaded into an electron beam evaporation
system. A Ti/W/Au (12 nm/20 nm/50 nm) film was then de-
posited on the surface treated n-GaN. Some of the samples
were rapid thermal annealed at temperatures ranging from
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400–900 ◦C for 1 min in a N2 ambient. Current–voltage (I–V)
characteristics were measured using a semiconductor param-
eter analyzer (HP4155A). Auger depth profiling (AES: a PHI
670 Auger microscope) was carried out to observe the ex-
tent of interdiffusion between the metal layers and the n-GaN.
Glancing angle X-ray diffraction (GXRD) (using Cu Kα radi-
ation) (a Rigaku diffractometer: D/MAX-RC) was employed
to identify the interfacial phases formed upon annealing.
3 Results and discussion
Figure 1 shows the typical I–V characteristics of
Ti/W/Au ohmic contacts on n-GaN as a function of the an-
nealing temperature, measured between the ohmic pads with
a spacing of 4 µm. The as-deposited sample shows non-linear
I–V characteristics. It is, however, noted that annealing the
sample at 500 ◦C results in a rectifying characteristic. After
annealing at 750 ◦C, the I–V behavior becomes somewhat
improved, although still rectifying. However, the samples ex-
hibit linear I–V characteristics at temperatures in excess of
850 and 900 ◦C. Similar abnormal temperature dependence of
ohmic behavior was also reported in Ti/Al-based schemes by
Papanicoaou et al. [13] and Kumar et al. [14] who attributed
such behavior to the formation of a heterojunction or a quasi-
metal-insulator-semiconductor structure. However, the exact
mechanism for the abnormal ohmic behaviour remains to be
found. Specific contact resistance was determined from plots
of the measured total resistance versus the spacings between
the CTLM pads [15]. The least square curve-fitting method
was used to fit a straight line to the experimental data. Specific
contact resistance was measured to be 8.4×10−6 Ω cm2 for
the sample annealed at 900 ◦C.
Figure 2 shows the AES depth profiles of the Ti/W/Au
contacts on n-GaN before and after annealing. For the as-
deposited sample, Fig. 2a, the individual layers of Ti, W and
Au are well-defined, indicating no significant interdiffusion
FIGURE 1 The typical I–V characteristics of Ti/W/Au ohmic contacts on
n-GaN as a function of the annealing temperature, measured between the
ohmic pads with a spacing of 4 µm
FIGURE 2 The AES depth profiles of the Ti/W/Au ohmic contacts to
n-GaN before and after annealing: a as-deposited; b annealed at 550 ◦C;
c 900 ◦C
between the metal films and the n-GaN. For the 550 ◦C-
annealed sample, Fig. 2b, some amount of N was outdiffused
into the Ti layer, indicating the possibility of the formation of
an initial phase of TiN at the Ti/GaN interface. For the 900 ◦C
sample, Fig. 2c, a large amount of nitrogen outdiffused into
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the metal layers. Furthermore, some amount of Au diffused to
the W/Ti interface region through the W layer, where a small
amount of Ga was also detected. This indicates that Ti-N,
W-N and Au-Ga reaction products were formed during the an-
nealing process, as will be confirmed by GXRD examination.
Figure 3 shows GXRD plots obtained from the Ti/W/Au
contacts after annealing at temperatures of 550 and 900 ◦C.
For the sample annealed at 550 ◦C, Fig. 3a, the GXRD plot re-
veals the characteristic diffraction peaks of Ti, W and Au. In
addition, there is a broad weak peak, which is identified as ini-
tial Ti4N3−x phase, as expected from the AES result (Fig. 2b).
For the 900 ◦C sample, Fig. 3b, in addition to the W and Au
diffraction peaks, there are extra peaks, which is indicative
of the formation of new interfacial phases. These phases are
identified as Ti3N2−x , Ti4N3−x , W2N, WN and GaAu2. It is
noted that gallide phase was also formed, even though the ni-
tride phases were dominant. This is in good agreement with
the AES result, Fig. 2c.
The surface morphology of the Ti/W/Au contacts before
and after annealing was characterized using atomic force mi-
croscopy (AFM). The AFM images (not shown) indicate that
the surface morphology of the as deposited sample is reason-
FIGURE 3 Glancing angle XRD plots obtained from the Ti/W/Au con-
tacts annealed at a 550 ◦C and b 900 ◦C
ably smooth with a root-mean-square (RMS) roughness of
3.0 nm. When annealed at 900 ◦C, the sample surface was not
significantly degraded; the RMS roughness was 3.8 nm.
To ensure the suitability of the Ti/W/Au scheme for high
temperature and high power applications, the contact was sub-
jected to annealing treatment. Figure 4 shows the variation
of the specific contact resistance of the Ti/W/Au contacts
as a function of annealing time at 900 ◦C. As the annealing
time increased, the specific contact resistance changed only
very slightly, increasing from 8.4×10−6 Ω cm2 for 1 min to
1.6×10−5 Ω cm2 for 30 min. This finding, together with the
AFM results, shows that the Ti/W/Au scheme does not seri-
ously suffer from thermal degradation during annealing, even
at 900 ◦C.
The electrical properties of the Ti/W/Au contacts were
heavily dependent on the annealing temperatures. For ex-
ample, the samples annealed below 750 ◦C revealed poorer
electrical properties compared with the as-deposited sam-
ple. The first degradation of the ohmic behavior might be
attributed to the formation of a heterojunction or a quasi-
metal-insulator-semiconductor structure, resulting in a higher
barrier height [13, 14], although the precise mechanism is not
clear at this moment. Then the electrical properties were im-
proved significantly after annealing at temperatures in excess
of 850 ◦C. This improved annealing temperature dependence
could be explained as follows. First, the improvement of the
contact resistivity could be associated with the formation of
particular types of interfacial phases, such as Ti-N and W-N,
as shown by the GXRD results (Fig. 3). The AES and GXRD
results showed that although a small fraction of gallide phase
was observed, the interfacial nitride phases were predomin-
antly formed in the annealed samples. The formation of the
nitrides phases results in the generation of nitrogen vacan-
cies near the GaN surface region, which plays an important
role in reducing contact resistivity. According to Jenkins and
Dow, nitrogen vacancies in GaN act as donors [16]. On the
FIGURE 4 The annealing time dependence of the specific contact resis-
tance of the Ti/W/Au contacts at 900 ◦C
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other hand, the formation of the gallide phase results in Ga
vacancies, which were known to act as deep acceptors [17].
However, nitrogen vacancies are predominant over Ga vacan-
cies, as shown by the results of AES and XRD, Figs. 2c and
3c. Therefore, the increase in carrier concentration at the GaN
surface region, leading to a reduction of the surface-barrier
height to n-GaN, could be responsible for the significant re-
duction in the contact resistivity of the Ti/W/Au contacts
annealed at temperatures higher than 850 ◦C. This finding is
consistent with the results previously observed by Luther et
al. [18] and Dimitriadis et al. [19]. Luther et al. [18], study-
ing Ti-based contacts to n-GaN, showed that the formation of
the TiNx interfacial phase, resulting in the generation of ni-
trogen vacancies, is necessary for ohmic contact formation.
Another possibility may be related to an increase in contact
area between the metallization schemes and the GaN due to
the interfacial reactions during thermal annealing [20, 21].
4 Conclusion
We achieved low specific contact resistance for
moderately doped n-type GaN (4.0× 1018 cm−3) using the
Ti/W/Au scheme. It was shown that the I–V characteristics of
the contacts became degraded upon annealing at temperatures
below 750 ◦C for 1 min in a N2 ambient compared with that
of the as-deposited sample. However, it was improved drasti-
cally when annealed at temperatures above 850 ◦C. Measure-
ments showed that the contact annealed at 900 ◦C produces
a low specific contact resistance of 8.4×10−6 Ω cm2. Based
on the AES and XRD results, the first degraded I–V behav-
ior was attributed to the formation of the initial TiN phase,
leading to the formation of a heterojunction or a quasi-metal-
insulator-semiconductor structure. On the other hand, the im-
proved ohmic behavior at elevated temperature was ascribed
to the reduction of the surface-barrier height to n-GaN due to
the formation of Ti-N and W-N interfacial phases. It was fur-
ther shown that the prolonged annealing treatment at 900 ◦C
does not cause significant degradation in the electrical and
thermal properties of the Ti/W/Au contacts. This result indi-
cates that the Ti/W/Au contact may be a good choice for high
temperature device applications.
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